When a C 60 film is irradiated with a 3 keV electron beam, a cross-linked C 60 polymer is formed and exhibits metallic electron-transport ͑I-V͒ properties in air at room temperature ͓J. Onoe et al., Appl. Phys. Lett. 82, 595 ͑2003͔͒. To elucidate the origin of the metallic I-V characteristics of the cross-linked polymer, we examined the valence photoelectron spectra of the polymer using in situ high-resolution ultraviolet photoelectron spectroscopy ͑UPS͒ and found that the spectrum for the cross-linked C 60 polymer came across the Fermi level ͑E F ͒. To understand the UPS results for the C 60 polymer, we performed first-principles calculations of the band structure for three kinds of optimized three-dimensional unit cells of one-dimensional ͑1D͒ cross-linked C 60 polymers with a cross-linkage consisting of both six-and seven-membered rings and of five-and eight-membered rings ͑P58͒. It was found that one quasi-1D P58 cross-linked C 60 polymer shows semimetallic properties, which provides one possible explanation of both previous ͑metallic I-V characteristics͒ and present ͑valence photoelectron spectra͒ experimental results.
INTRODUCTION
One of the important goals in nanotechnology is to synthesize new functional materials by assembling nanoscale building blocks such as fullerenes, nanotubes, DNA, and other nanomaterials. 1 In this respect, we have hitherto synthesized a different form of nanocarbon materials based on C 60 through the use of electron-beam ͑EB͒-induced polymerization, [2] [3] [4] [5] [6] and found that C 60 molecules coalesced to each other to form a cross-linked C 60 polymer, as illustrated in Fig. 8 of Ref. 5 , which exhibits metallic current-voltage ͑I-V͒ characteristics at room temperature under atmospheric conditions. 4 To reveal the origins of the metallic electron-transport property of the EB-irradiated C 60 film, we have previously examined the valence photoelectron spectra of the crosslinked C 60 polymer film ͑100 nm thick͒ on a stainless steel substrate in an ultrahigh vacuum, using ultraviolet photoelectron spectroscopy ͑UPS͒ with an energy resolution of 50 meV and with nonmonochromatic He I emission lines ͑He I ␤ emission line was included͒, along with graphite as a typical -electron conjugated semimetal system. 6 It was found that the spectrum around the Fermi level ͑E F ͒ for the cross-linked polymer was greater than that for graphite and seemed to come across the E F . However, the previous measurement condition ͑nonmonochromatic He I emission line including not only the main He I ␣ line but also the minor He I ␤ line͒ was not sufficient to discuss with precision the photoelectron spectra in the vicinity of the E F , because the He I ␤ line provided a satellite peak of the highest occupied molecular orbital ͑HOMO͒ of pristine C 60 located at a binding energy of 1 eV below the E F and its spectrum spreads over the E F , as shown in Fig. 1͑b͒ of Ref. 6 . This is undesirable for discussing the UPS spectra of a C 60 film before and after electron-beam irradiation in the vicinity of the E F .
In order to clarify the behavior of the valence electronic structure of the cross-linked polymer in the vicinity of the E F edge with more satisfactory, we have in the present study measured in situ UPS spectra of the cross-linked C 60 polymer with a monochromatic He I emission line ͑He I ␣ line only͒. We will discuss the high-resolution UPS spectra near the E F edge for the cross-linked C 60 polymer by comparing first-principles calculations of some geometrical quasi-onedimensional cross-linked C 60 polymers on the basis of density-functional theory ͑for our previous study, see Ref. 7͒ .
EXPERIMENTS
The present in situ UPS system for the study of the valence electronic structure of a cross-linked C 60 polymer film consisted of three ultrahigh vacuum ͑UHV͒ chambers. The UHV chamber ͑base pressure of 1 ϫ 10 −7 Pa͒ equipped with a Knudsen-cell ͑R-DEC͒ and an electron-beam gun ͑Omega-tron͒ was connected to a UHV load-lock preparation chamber ͑base pressure of 2 ϫ 10 −7 Pa͒ via a gate valve. After a C 60 film ͑100 nm thick͒ formed on a copper substrate ͑5 ϫ 5 mm 2 ͒ by sublimation of C 60 powder ͑99.98% pure͒ in the Knudsen cell at 673 K for 90 min, the pristine C 60 film was transferred to a UHV analysis chamber ͑base pressure of 1 ϫ 10 −8 Pa͒ and measured in situ by UPS with an energy resolution of 10 meV and with the monochromatic He I ␣ emission line ͑21.218 eV͒. After the measurements, the film was returned to the first chamber and irradiated with the EB gun ͑incident energy of 3 keV and electron current of 0.5 mA͒ for 12 h. We confirmed by in situ infrared spectroscopy that 12 h of EB irradiation was sufficient to allow the C 60 molecules to completely coalesce, thus forming a crosslinked C 60 polymer. After 12 h of irradiation, the film was transferred to the analysis chamber for in situ UPS measurements. Photoelectrons were measured with an angle-integrated mode ͑acceptance angle of ±6.5°͒ around the normal emission angle to the sample surface by using a multichannel plate detector of the electron energy analyzer ͑MBS-Toyama "Peter" A-1͒.
8, 9 The zero value in binding energy for the present measurements was determined from the Fermi level ͑E F =0 eV͒ of a gold film, which was deposited on the same Cu substrate as for the pristine and cross-linked C 60 polymer, by fitting its UPS spectrum with a Fermi distribution function at the measurement temperature. In the present substrate temperature ͑T = 350 K͒, the E F of a semiconductor is located in the middle between the valence and conduction bands by thermal broadening, and is at almost the same position as that of a metal with thermal broadening at the temperature. When the cross-linked C 60 polymer films were measured in situ around room temperature with a high energy resolution of 10 meV, it was observed that they were charged-up slightly upon the He I ␣ irradiation and that their spectra around the E F were somewhat shifted. We examined the effect of the charge-up on the UPS spectrum around the E F as a function of substrate temperature and observed no effect of the charge-up during the He I ␣ irradiation of the sample above 350 K. Consequently, UPS spectra of the cross-linked C 60 polymer films were recorded at a substrate temperature of 350 K in the present work. When we discuss the change in valence electronic structure before and after EB irradiation of the C 60 film, we compared the whole spectral shape between them by adjusting the HOMO band peak position of the pristine film obtained at 300 K to that for the cross-linked polymer.
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THEORETICAL CALCULATIONS
In the present work, we have used the Vienna ab initio simulation package [11] [12] [13] [14] with Vanderbilt ultrasoft pseudopotentials 15 in the framework of a local-density approximation in density-functional theory. The CeperleyAlder form 16 fitted by Perdew and Zunger 17 was used for the exchange-correlation potential. The cutoff energy plane waves used in the present work were set at 286.6 eV. The number of k points was 4 ϫ 4 ϫ 4, which is used to generate electron charge densities in the self-consistent densityfunctional iterations before the convergence of the electronic structure. At the final step after reaching the convergence of the electronic structure, we used a fine mesh along the symmetry lines as many as the small black circles in the band dispersion diagrams to generate it. All cross-linked structures used here were energetically optimized together with the unit cell and their energy bands were calculated. Figure 1 shows UPS spectra of pristine C 60 ͑blue line͒ and cross-linked C 60 polymer ͑red line͒ films obtained at a substrate temperature of 300 and 350 K, respectively, where the inset shows the UPS spectrum of the cross-linked C 60 polymer near the Fermi level. For the pristine C 60 film, some intensive narrow bands such as HOMO and HOMO-1 were observed, because the interaction between C 60 molecules is weak. On the other hand, for the cross-linked C 60 polymer, each band is broadened in response to the disappearance of molecular character caused by EB-induced polymerization between adjacent C 60 molecules, and the valence electronic states spread toward the E F .
RESULTS AND DISCUSSION
In order to clarify the behavior of the electronic structure of the cross-linked C 60 polymer in the vicinity of the E F , we measured more precise UPS spectra of the pristine C 60 and cross-linked polymer films in the binding energy of 3.0 eV below the E F , as shown in the inset of Fig. 1 . It was found that the photoelectron spectrum of the cross-linked polymer is much greater than that of the pristine C 60 film near the E F and clearly comes across the E F edge. These findings indicate that the cross-linked C 60 polymer has a metallic electronic structure.
To understand the metallic feature of the cross-linked C 60 polymer, we examined the band structures for three optimized quasi-one-dimensional ͑quasi-1D͒ configurations of the cross-linked C 60 polymer with a cross-linkage consisting of both six-and seven-membered rings ͑abbreviated as P67͒ and of five-and eight-membered rings ͑abbreviated as P58͒ using density-functional theory with a local-density approximation. We examined three types of unit cells: ͑a͒ a monoclinic ͑hexagonal͒ unit cell ͑a ϳ b = c, ␣ = 60°, and ␤ = ␥ = 90°͒ in which P67 or P58 is placed perpendicular to the rhombus plane; ͑b͒ a monoclinic ͑hexagonal͒ unit cell ͑a ϳ b ϳ c, ␣ = ␤ = 90°, and ␥ = 60°and 60.5°for P67 and P58, respectively͒ in which P67 or P58 is placed parallel to one of the hexagonal axes; and ͑c͒ a triclinic unit cell ͑a ϳ b ϳ c, ␣ ϳ ␥ = 62°, and ␤ = 90°for P67 and ␣ = 80°, ␥ = 63°, and ␤ Fig. 2 correspond to a, b , and c described above, respectively. Table I summarizes the energy gap and the total energy of each geometrical quasi-1D cross-linked C 60 polymer with a cross-linkage of both P67 and P58 types. The shortest C-C bond length between adjacent 1D cross-linked C 60 polymers shown in Fig. 2 was estimated to be 0.156 nm for both P67 and P58. On the other hand, the bond length was estimated to be 0.261 nm ͑P67͒ and 0.258 nm ͑P58͒ for type ͑a͒ unit cell, and 0.329 nm ͑P67͒ and 0.171 nm ͑P58͒ for type ͑c͒ unit cell. It was found that all quasi-1D P67 C 60 polymers have an energy gap in the range of 0.53-0.92 eV, while the P58 polymer ͑Fig. 2͒ has no energy gap which exhibits metallic properties. Figure 3 shows the energy band structures of P67 and P58 C 60 polymers with type ͑b͒ unit cells. The P58 energy band structure ͓Fig. 3͑b͔͒ shows that the HOMO and lowest unoccupied molecular orbital ͑LUMO͒ bands are in contact with each other at one given point near the H point, indicating that the P58 quasi-1D C 60 polymer is a semimetal. The crosspoint between the HOMO and LUMO bands shown in Fig.  3͑b͒ is located at the ͓2+2͔ dumbbell bond between adjacent 1D P58 cross-linked C 60 polymers, as shown in the inset of Fig. 3 . As such, it can be concluded that the electrons are conducted across the 1D polymers via the ͓2+2͔ crosslinkage between the two polymers. Besides these quasi-1D polymers, we examined the band structure of individual 1D P67 and P58 cross-linked polymers ͑free from each other͒ using the same present calculation method, and found both P67 and P58 polymers to have an energy gap of 1.23 and 1.00 eV, respectively. 18 More specifically, these polymers act as a semiconductor for their isolated 1D structure. Consequently, the metallic feature of the P58 cross-linked polymer originates from the formation of the ͓2+2͔ bond between adjacent 1D polymers. At this stage, the quasi-1D P58 C 60 polymer ͑Fig. 2͒ is a candidate for explaining the present UPS results ͑Fig. As shown in Fig. 3͑b͒ , the quasi-1D P58 C 60 polymer was theoretically found to be a semimetal. In general, while the spectral function of two-dimensional and three-dimensional metals shows a discontinuity ͑in other words, a step͒ at the Fermi level, the Fermi step was not, however, clearly observed for quasi-1D materials such as ͑TaSe 4 ͒ 2 I and K 0.3 MoO 3 in their metallic phase, as shown in Fig. 1 of Ref. 19 . These low-dimensional materials exhibit the Peierls transition 20 at a given temperature. This transition would change the electron-transport mechanism for the materials. We have recently observed that the electron-transport mechanism is changed at around 90 K by examining the temperature dependence of the electrical resistivity of the crosslinked polymer. 21 This finding will be a source of further study to elucidate the structural dimensions of the crosslinked C 60 polymer by examining the temperature dependence of its UPS spectra in the vicinity of the E F from the perspective of low-dimensional quantum electronic behaviors such as the Peierls transition and Tomonoga-Luttinger-liquid. [22] [23] [24] 
SUMMARY
In situ high-resolution valence photoelectron spectra of the cross-linked C 60 polymer demonstrated that the crosslinked C 60 polymer exhibits a metallic electronic structure. According to first-principles calculations of the band structure for quasi-1D cross-linked C 60 polymers with a crosslinkage consisting of both six-and seven-membered rings and of five-and eight-membered rings, the former is a semiconductor, while the latter is a semimetal. These findings suggest that the latter model structure ͑P58 shown in Fig. 2͒ possibly explains both previous ͑metallic I-V characteristics͒ and present ͑valence photoelectron spectra͒ experimental results.
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